The structures, binding energies, and enthalpies of small molecular clusters incorporating a single lithium cation and up through six waters have been determined with extended Gaussian basis sets using Hartree-Fock and post-Hartree-Fock methods. The resulting properties are analyzed with respect to both basis set completeness and degree of correlation recovery, including core-core and core-valence effects. Although the lithium-water interaction is largely electrostatic in nature, small basis sets, lacking in polarization and near-valence diffuse functions, drastically overestimate the strength of the bond (by 20 kcal/mol or more) and underestimate the Li+***O distance by up to 0.1 A. Their poor performance is attributable to inherent errors in describing the electric moments and polarizability of water and to large basis set superposition errors. Thus, the accuracy with which the fundamental lithium-water interaction could be modeled was primarily dependent on the quality of the Gaussian basis set and not upon the level of correlation recovery. Basis set enlargement and correlation effects both tend to reduce the strength of the Li+(HzO) bond, but produce corrections of opposite sign for the Li+.*+ 0 bond length. Although correlation effects play a minor role in describing the lithium-water interaction, as the size of the cluster increases and the number of waters involved in multiple hydrogen bonds grows, correlation recovery can become significant.
I. INTRODUCTION
AJI understanding of ion-water binding is important for a wide variety of physical phenomena. As a consequence, the subject has received widespread attention over the years. In the present case, our interest stems from a desire to model the behavior of a class of macrocyclic polyethers, known as crown ethers, that are observed to preferentially bind specific alkali metal cations. This behavior shows potential as a means for separating 13'Csf and ?Sr*+ from the high-level radioactive wastes stored in underground tanks on the Hanford nuclear reservation. Since these cations are present in aqueous solution, a prerequisite for reproducing the experimentally observed binding preferences is the accurate description of water-water and water-cation interactions.
Even "small" crown ether/metal cation systems are relatively large by ab initio standards. For example, 18-crown-6 (C,2H2406) contains a total of 42 atoms. Therefore, the level of theory to be applied to these systems must be carefully chosen if the calculations are to remain feasible. Before deciding which ab initio methods to apply in the crown ether/ metal cation study, it is essential to establish accurate values for as many of the associated molecular systems as possible. Lithium-water clusters serve as an effective introduction to systems involving the heavier Na+, Kf, Rb+, and Cs+ cations.
The goal of this work is to derive converged values for the geometries and binding energies of small Li+(H,O), complexes through a systematic series of extended basis set calculations using an assortment of correlated methods. Of particular interest is the degree to which basis set truncation errors remain systematic as the size of the cluster increases. This will help to establish the level of accuracy that can be expected from smaller basis sets, and will demonstrate to what extent one can offset the errors introduced by small basis sets through the application of empirical adjustments formulated from the accurate results. Ultimately, we wish to perform molecular dynamics simulations at the classical or semiempirical level. Results from the present work will, therefore, be used to refine these models for chemical systems pertinent to the crown ether study.
The Li+(H,O), system was first studied more than 20 years ago by Popkie and Clementi,' who reported restricted Hartree-Fock (RHF) geometries and binding energies obtained with a variety of polarized Gaussian basis sets. Using the same level of theory, Clementi et al. ' later computed over 200 points on a two-dimensional slice through the Li+(HzO), potential energy surface, selecting the Li-0 distance to one of the waters and the Or-Li-Oa bond angle as the two independent coordinates which were varied. The bond distance to the other oxygen was held constant at the Lif-Ha0 optimal value. Details of the water geometry were not given, but configurations with the waters lying both inplane and perpendicular to the 0-Li-0 plane were examined, with a C,, structure reported as the global minimum.
The Lif(H20) structure was subsequently re-examined by Del Bene et a1.,3 who reported a RHF geometry obtained with the 3-21G basis4 and the corresponding zero point vibrational energy. Second order Moller-Plesset (MP2) calculations with the 6-31G* basis were performed at the 3-21G geometry in order to obtain improved binding energies, but the change resulting from introducing correlation was minor, AE= -36.2 kcal/mol (RHF) vs -37.9 kcal/mol (MP2). Theoretical binding enthalpies were within 4 kcal/mol of the gas phase experimental value at -34 kcal/mol. 5, 6 In a more recent study of Lif affinities of first and second row bases, Del Bene and Shavitt' reported a MP2 geometry for Li+(HaO) with the somewhat larger 6-31+G(d,p) basis. Binding energies were then computed with the 6-31 +G(2d,2p) basis at both the RHF level and using a wide variety of correlation methods, including perturbation theory through fourth order (MP4), configuration interaction with single and double excitations (CISD), and the averaged couple pair functional (ACPF) approaches. Among the twelve correlated methods that were examined, the variation in computed binding energy was <l kcal/mol. However, the correlation correction was quite small, being on the order of 2 kcal/mol.
To the best of our knowledge, there have been no reports in the literature of ab initio calculations on Li+(H,O), clusters larger than n =2. Related work on Na+(H,O), clusters, up to n=4, by Bauschlicher et aL8 was conducted with a (6s,5p,2d) basis set at the MP2 and coupled cluster singles and doubles (CCSD) levels of theory. In agreement with the findings of Del Bene and Shavitt, electron correlation was found to produce a small change in the strength of the Na+ ***H20 interaction, reducing the binding energy of oneand two-water clusters by -1 kcal/mol (-4%), regardless of which post-Hartree-Fock method was employed. expanding the Gaussian basis to (8s,7p,4d,2f ) produced nearly identical results. Including the sodium Is, 2s, and 2p electrons in the correlation treatment increased the binding energies by -1 kcal/mol.
II. PROCEDURE
Ab initio treatments are often categorized in terms of the degree of completeness achieved by the one-particle and n-particle basis sets, the former parameter associated most directly with the flexibility of the Gaussian function set and the latter with the amount of correlation recovery. In order to achieve results that are converged with respect to both parameters, it is necessary to demonstrate via a systematic series of calculations that further increases in either of the primary computational parameters produces changes which fall below one's threshold of interest. For this purpose, we have elected to use the correlation consistent basis set familyg*rO in conjunction with a variety of correlated and uncorrelated theoretical methods, including RHF, MP2, Resolution of the Identity MP2 (RI-MP2)," MP4, and quadratic configuration interaction (QCI)."
The composition of the correlation consistent sets is such that successive members include increasing numbers of both Gaussian primitives and contracted basis functions in each angular subspace, as shown in Table I . Similarly, the highest angular momentum quantum number also increases from one set to the next. For example, the double zeta (DZ) sets for first row elements contain up through d functions, the triple zeta (TZ) sets up through f's, and the quadruple zeta (QZ) sets up through g's. A consequence of this approach is that the correlation consistent sets (or easily generated derivative sets) have been found to rapidly and uniformly approach the apparent complete basis set limit for a wide range of molecular properties. '3-'5 The smallest member of the correlation consistent basis set family is the polarized valence double zeta set (ccpVDZ), which contains only 24 contracted functions per water molecule. Calculations on water were also performed with the triple zeta (cc-pVTZ, 58 functions/water), quadruple zeta (cc-pVQZ, 115 functions/water), quintuple zeta sets (ccpVSZ, 201 functions/water), and sextuple zeta (cc-pV6Z, 322 functions/water) sets. Unfortunately, Li'(H,O), cluster calculations with cc-pV5Z and cc-pV6Z sets proved too time consuming for our current hardware and software. Diffuse functions, not present in the original correlation consistent sets but known to be important for describing the electric moments and polarizability of water,13 are taken from the augmented sets of Kendall et ~1.'~ These sets are denoted aug-cc-pVDZ, aug-cc-pVTZ, etc. Because lithium carries a positive charge in all of the complexes we considered, its basis set was not augmented with diffuse functions. The cc-pVxZ sets were developed for use with only the true spherical components of the Cartesian Gaussians, a convention that was followed throughout the present work. Details of the corresponding lithium basis sets have not been previously reported, but will appear in upcoming work by Woon and Dunning and are available upon request from the authors.
Feyereisen et al. t' have recently p ro p osed a new method for approximating MP2 results. In the RI-MP2 method, the conventional set of four-index, two-electron integrals is replaced with a reduced set based on the product of a threeindex, one-electron overlap array and a three-index, twoelectron repulsion integral array. The formal justification for the proposed method is based on the resolution of the identity in an orthonormal expansion basis. Compared with conventional MP2, the RI-MP2 requires much less computer time in order to evaluate the energy.
Geometry optimizations and energy evaluations were carried out with a combination of GAUSSIAN 92, l' MOLPRO 92, 18 and DISC0.t9 Whenever analytical gradients were available, a convergence criterion of -1.5X 10e4 hartree/bohr was employed in the geometry optimization step to ensure convergence in the reported bond distances to roughly ?O.OOl A and 20.5" in bond angles. Vibrational normal modes were determined using analytical second derivatives for RHF and second order Mgller-Plesset (MP2) levels of theory. For those methods possessing neither analytical first or second derivatives [i.e., MP4 and QCISD(T)] the normal modes were computed using a finite energy difference scheme.
Unless otherwise noted, the oxygen and lithium inner shells were not correlated in any of the post-Hartree-Fock methods. We will normally denote such frozen core results with the suffix "(FC) " [e.g., MP2(FC) ] but this will occasionally be shortened to "MP2" for the sake of brevity when it is clear from the context that "frozen core" results are used. Because the correlation consistent basis sets were originally designed to recover valence correlation energy, they lack sufficient flexibility in the core region to adequately describe core-valence effects. Attempting to use them in an unaltered fashion without invoking the frozen core approximation might introduce some spurious effects.
Binding energies and enthalpies at 298 K are listed in Table IV for the various correlation consistent basis sets. The rotational, translational, and APV contributions were taken from the classical expressions, namely, BErot= for Li+(H,O) and -1. 5RT for general cases, AE,,,,,=-1.5RT and APV= -RT, respectively. The adjustments to the zeropoint energies for the T=0--+298 K change in temperature were obtained from the expression AE2?* wb = RT(Z"'Odvi/eUi-* -~reactvi/e" '-') . In this and all subsequent reports of binding enthalpies, normal mode frequencies corresponding to the same level of theory used in evaluating the electronic binding energy were employed, when available. Otherwise, the next closest set of frequencies are substituted. For example, no frequencies were computed with the very large aug-cc-pVQZ basis sets. Therefore, augcc-pVQZ enthalpies were based on aug-cc-pVQZ electronic energy differences and aug-cc-pVTZ frequencies (obtained at the RHF, MP2 or MP4 levels of theory). For clusters containing three or more waters, frequencies were only computed with the cc-pVDZ and aug-cc-pVDZ basis sets.
As the size of the clusters increases, the number of coordinates required to completely specify the geometry, even in the presence of symmetry, becomes too numerous to list in tables. Therefore, for many of the systems we have chosen instead to list just a selected subset of the internal coordinates. The complete list of coordinates is available from the authors.
Ill. Lit-H20
High-level calculations were performed on the prototype M+-water bond in Li+(H,O) assuming a C2" configuration (see Fig. 1 ) similar to that reported previously.1f*7 This orientation aligns the in-plane oxygen lone pair to point directly at the cation. Of particular interest was our ability to accurately determine the metal-oxygen bond distance, R,io, and the electronic binding energy, AE,, .
In Table II our correlation consistent basis set results for the water monomer are compared with the experimental geometry'e and harmonic frequencies.21Y22 As seen in Fig. 2 into closer agreement with experiment. The presence of diffuse functions in the basis set has only a small effect on the optimal geometries, increasing the OH bond length by no more than 0.003 A. With the correlation consistent basis sets, the Li+-0 distance in the Lif(H20) complex (see Table III ) was found to be slightly more sensitive to the presence of diffuse functions in the basis (see Fig. 3 ) than the OH bond in water. The introduction of correlation recovery increases the Li+***O bond length by -0.02 A. More extensive correlation recovery with MP4 or QCISD(T) makes a small contribution, decreasing the Life** 0 distance by an additional 0.001-0.003 A.
By fitting the available data points with an exponential function of the form, ~~n~+be-~~, where x assumes a simple integer value (l=pVDZ, 2=pVTZ, etc.) , it is possible to estimate the complete basis set (CBS) limits for each level of theory. In the event that more than three data points are available for fitting, e.g., if a cc-pV5Z calculation were possible, the three fitting parameters can be obtained through a least squares procedure or the result corresponding to the smallest basis set can be dropped. The difference in the CBS estimates derived from the two approaches is normally small. However, as the size of the largest basis set in the sequence becomes very large and the focus shifts to refining the CBS limit to within a few millihartrees, these differences may be significant and may serve for assigning approximate error bars to the CBS estimates.
The empirical evidence in support of exponential convergence for total energies and energy differences is stronger than for bond lengths or properties such as electric moments. It has been demonstrated in a sizable number of cases to which the correlation consistent basis sets have been applied. [23] [24] [25] [26] Hard data on the reliability of the CBS exponential extrapolation is understandably difficult to obtain. However, in the case of diatomics, there are numerical HF (NHF) methods available that should, in principle, provide the exact energy. For example, fitting the VDZ through VQZ basis set energies for N, produced an EscF(CBS) estimate of -108.9944 E,,, less than 1 mhartree below the NHF value" of -108.9938 E, using a bond length of 2.068 bohr. Another example, which is more closely related to the present work, is shown in Fig. 4 , where the self-consistent field (SCF) energy of water is plotted as a function of the basis set size up through sextuple quality sets. An exponential function reproduces all five data points with a maximum error of 0.000 17 Eh . Clementi et ~1. "' have 'Total energies are given in hartrees+83. Angles are given in degrees. Bond lengths are given in angstroms. The vibrational zero p^oint energies are given in hartrees. RI-IF frequencies used in computing the zero point energy were scaled by 0.9. bAIl electrons were correlated in the geometry optimization. The total energy, however, was obtained from a frozen core calculation.
various combinations of data points match Clementi's estimate. Using VDZ, VTZ, and VQZ points one is able to extrapolate within 0.0002 E, of the limit. Proceeding to even larger quintuple (V5Z) and sextuple (V6Z) basis sets permits alternate estimates to be generated by either eliminating the one or two highest energies from the fit or by using the full set of data. For example, the three-point estimate in the ccpV6Z column of Table V was generated using the QZ, 5Z, and 62 energies. Due to software limitations we were not able to include an i-type function in the V6Z basis. An alternative approach to estimating the CBS limit has been proposed by They point out that the error in the exponential extrapolation-based CBS limit, using DZ through QZ basis sets, can be as much as 5 mhartrees at the MP2 level.3' Nonetheless, in cases where either experimental results or very high-level ab initio results were available for comparison, the use of the extrapolation procedure often yields improved results compared to the use of raw energies. Obviously, as with any extrapolation technique, some discretion must be exercised in its use.
At present there is no formal reason for assuming the convergence in bond lengths will behave exponentially. When combined with the difficulty in assigning error bars, we feel that this argues for a careful use of these estimates on a case-by-case basis.
To the extent our estimates accurately reflect the CBS limit, the two smallest correlation consistent basis sets (ccpVDZ and aug-cc-pVDZ) overestimate the CBS Li+.. tions both predict drastically shorter3 Li+--0 bond distances, in the former case by >O.l a (REg3G=1.694 A, R3L7,2dG=1.769 A). The RHF 3-21G wave function drastically overestimates the dipole moment of water (2.39 D with 3-21G vs 1.81 D with aug-cc-pVDZ) and drastically underestimates the mean polarizability (3.7 au. vs 7.27 a.u. for aug-cc-pVDZ). Deficiencies of this size render the 3-21G and STO-3G basis sets unreliable for describing the electrostatics of the Li+--H,O interaction. Because of the relative positions and curvatures of the RHF and correlated curves in Fig. 3 , it is obviously possible to obtain excellent agreement between small basis set RHF bond lengths and the CBS correlated limit. Such fortuitous cancellation of error is quite common in ab initio geometry optimizations, but the large error in the STO-3G and 3-21G results serves as a warning that this may not always be the case. Compared with the isolated water molecule, the HOH angle in Lif(H20) has increased slightly (-2") and the O-H bond has lengthened (-0.005 A) due to the polarizing effects of the lithium cation. The MP2/6-31+G (d,p) bond length reported by Del Bene and Shavitt7 is only 0.005 A longer than our MP4 CBS estimate with the augmented basis sets, indicating that a set of this quality should be a good candidate for use in larger systems.
Vibrational normal modes determined with the aug-ccpVTZ basis set are displayed in Fig. 6 with accompanying MP4 frequencies and MP2 infrared (IR) intensities. The Li+-Ha0 stretching mode is seen to have a frequency of 535 cm -t. When vibrational zero point energies were computed from RHF frequencies, the RHF values were uniformly scaled by 0.9 to bring them into better agreement with the tions with the cc-pVDZ and aug-cc-pVDZ sets and the RI-MP2 method. Since the accuracy of the RI-MP2 approximation improves with the size of the basis set, these smaller sets should provide a difficult test. By default, the expansion basis is chosen to be the same as the one-particle basis set supplied by the user. The optimal RI-MP2 structure parameters shown in Table III indicate that while the method clearly does a good job of describing the water fragment, the lengthening of the Li+... 0 bond observed with conventional MP2 is missing. In fact, with the aug-cc-pVDZ set the RI-MP2 method predicts a 0.02 A shrinking of the bond, compared to a 0.03 A increase found with conventional MP2.
In contrast to the general lack of sensitivity in the geometry to extra diffuse functions in the basis set, binding energies obtained from the aug-cc-pVxZ sets exhibit significantly faster convergence to the apparent CBS limit than energies obtained without diffuse functions, as evident from the data contained in Fig. 7 . The cc-pVxZ binding energies approach the complete basis set limit from below (i.e., they overestimate the binding energy), while the aug-cc-pVxZ sets approach the limit from the opposite direction. Higher order correlation recovery via MP4 or QCISD(T) reduces the binding energies by 40.3 kcal/mol. Small basis sets without po- Some of the binding energies in Table IV have been approximately adjusted for a computational artifact known as basis set superposition error (BSSE), which is an artificial inflation of the bond strength caused by incomplete fragment basis sets. In the current work, the BSSE was estimated by the counterpoise (CP) method of Boys and Bernardi. The CP correction has spawned a large number of variants and has been criticized both for overestimating and underestimating the true magnitude of the BSSE. Davidson and Chakravorty35 have very recently suggested a new definition of BSSE that completely bypasses the CP correction in favor of quantities defined in terms of a "functionally complete set." However, their approach involves the use of an extensive basis set and considerably greater computational expense that the method of Boys and Bernardi.
Given the lack of consensus on how BSSE should be defined, the CP estimate can ordinarily be viewed as no better than a semiquantitative correction. However, in its favor, it has the advantage of being relatively easy to compute and it may serve quite adequately as an indicator of the order of magnitude of the problem. As in the case of the water dimer,23 we ultimately hope to be able to use basis sets that greatly minimize BSSE effects. Not unexpectedly, the magnitude of the effect is largest with the smallest basis, reaching 5.2 kcal/mol at the MP2/cc-pVDZ level (or 12% of the binding energy).
Use of the CP correction for the cc-pVxZ sequence of basis sets is seen (Table IV) to eliminate the anomalous reversal of sign in the correlation correction to the binding energy. Without it, the cc-pVDZ set shows an increase in binding when correlation recovery is introduced at the MP2 level, while the aug-cc-pVQZ basis shows a decrease. Likewise, the 9 kcal/mol difference in electronic binding energies (cc-pVDZ-+aug-cc-pVQZ) decreases to less than half that value when the correction is included. Compared to the 3-21G basis, which exhibits a BSSE for Li+(H20) of 9 kcal/ mol, all of the errors for the correlation consistent sets are much smaller.
While the CP correction appears to be useful in approximately accounting for BSSE, its use with basis sets containing additional diffuse functions is questionable. Such basis sets are associated with much smaller BSSE than sets that lack these functions. For the aug-cc-pVxZ basis sets the application of the CP correction is seen to actually worsen agreement with the estimated CBS limit. A similar situation was noted in the water dimer.23 Even with nonaugmented sets, the CP correction can sometimes lead to poorer results in determining bond lengths, to give one example. We have used CP-corrected energies to estimate the effect of BSSE on the LiO bond length. With the cc-pVDZ basis at the MP2 level, the CP-corrected bond length increases slightly (0.01 A) relative to its value without the correction, whereas the estimated CBS limit is actually 0.02 A shorter. Thus, on the basis of our previous calculations on the water dimer and the present results for lithium-water clusters, we recommend applying the CP correction to binding energies obtained with the cc-pVxZ sets and not applying it for the aug-cc-pVxZ sets. A similar conclusion was reached by Del Bene36 in a exponential extrapolations should be viewed with caution, as recent study of proton affinities in small molecules.
there is no formal justification of their use. As noted by Davidson and Chakravorty, 35 this perspective on BSSE assumes that a "proper" accounting for the effect would adjust the finite basis set results into better agreement with the complete basis set limit. While this is admittedly a very pragmatic point of view and only one of several that could be adopted, it seems to us to be close to the spirit in which most people invoke the counterpoise correction. In the absence of a widely agreed upon definition for BSSE, this may be the best that can be achieved.
Also listed in Table IV are estimated complete basis set binding energies and enthalpies obtained from exponential extrapolations of the augmented basis set numbers. The MP4 CBS estimate is fortuitously in exact agreement with the -34 kcal/mol value obtained experimentally.5*6 Dzidic and Kebarle extrapolated gas phase values for Li+(H20)2 through Li+(HzO), backwards to arrive at their value for Li+(H20). The QCISD(T) CBS limit appears to lie somewhat closer to the MP2 value than the MP4 value. CBS estimates derived from the cc-pVxZ basis set sequence, which lacks the extra diffuse functions, are in good agreement with their aug-ccpVxZ counterparts. However, the extrapolation of the ccpVxZ data are probably subject to greater uncertainty given the much larger spread in values. As mentioned earlier, the MP2 binding energies are well reproduced by the RI-MP2 method, although with the small cc-pVDZ set the method overestimates the true correlation contribution by 1 kcal/mol, or nearly 50%. While further tests of the RI-MP2 method will be necessary before its limitations are well established, it appears to be a promising alternative to conventional MP2, especially with basis sets larger than double zeta quality that are currently too expensive for many systems. If improvements in the accuracy of the RI-MP2 method can be achieved for smaller basis sets, it would offer an attractive alternative to conventional MP2.
Core-core and core-valence contributions to the binding energy were evaluated with a specially modified aug-ccpVDZ basis. At the time this work was begun correlation consistent sets designed to account for core correlation were not available, although several core sets have subsequently been developed by Woon and Dunning. In order to improve the ability of the aug-cc-pVDZ basis set to recover core correlation, the p functions and all but the tightest five s functions on oxygen and lithium were uncontracted. Frozen core and all electron MP2 calculations with this basis showed a modest 0.01 8, decrease in the LiO bond length and a rela- 'Total energies are given in hartrees. Angles are given in degrees. Bond lengths are given in angstroms. The OH bond lengths for the C, structure are listed in the following order (top-to-bottom) (1) the two symmetry equivalent hydrogens in the water not bonded to Li; (2) the hydrogen lying between the two oxygens; (3) the other hydrogen in the water which is bonded to Li. HOH angles correspond to the angle between the two equivalent hydrogens and the angle between the nonequivalent hydrogens. The zero point energies for the D 2d structures are 0.0472, 0.0493, 0.0492 (cc-pVDZ RHF, MP2, and MP4); RHF frequencies were scaled by 0.9. tively minor 0.5 kcal/mol increase in the binding energy in the latter case.
IV. Li+(H,0)2
The lowest energy configuration for two water molecules bound to Lif places them on opposite sides of the cation and twisted 90" with respect to each other, in a symmetric DZd arrangement (see structure IIa in Fig. 1) . A second structure (IIb), in which lithium binds to one end of the hydrogenbonded water dimer, in a C, symmetry arrangement, lies approximately 12 kcal/mol higher in energy. Selected structural parameters and energies obtained with the correlation consistent basis sets are given in Table V for RHF, MP2, and MP4 levels of theory.
The Li+ **+O distance in Li+(HaO)a (Dzd) has increased several hundredths of an angstrom relative to its value in Li+(HzO), and the individual water structures are closer to the structure of isolated water. Both changes are indicative of the decrease in bond strength observed in Table VI . The Li+ ***O bond length appears to be converging more rapidly with respect to basis set expansion than it did with one water.
The overall level of agreement with gas phase experiments is good. With the best level of theory the incremental binding enthalpy is overestimated by somewhat more than 1 kcal/mol. Unlike the case of Li+ with a single water, both the cc-pVxZ and aug-cc-pVxZ binding energies approach the complete basis set limit from below, although the variation in the augmented set results is once again much less than the variation observed with the nonaugmented sets. The error in the binding enthalpy, measured with respect to experimental results, is approximately 2 kcal/mol at the MPUaug-ccpVDZ level, while the difference between the cc-pVDZ and aug-cc-pVDZ results is closer to 9 kcal/mol. The incremental binding energy for the second water is 12% (4 kcal/mol) smaller than the first water.
Normal modes and IR intensities are shown in Figs. 8 and 9 for the D,, and C, structures, respectively. The lowest frequency mode (near 71 cm-') for the former corresponds to a bending motion of the two water molecules about the lithium followed by a twisting motion at 100 cm-' and a symmetric stretch at 270 cm-'. For the C, structure, the lowest frequency mode is slightly higher, at 92 cm-', and involves a bending motion of the lithium about the dimer.
Besides the Li+(HzO),-+Lif(H20)+H,0 product channel, a considerably higher dissociation limit, leading to Li+ and (H20)2, exists at an energy near -57 kcal/mol. The actual values obtained with the two smallest basis sets are shown in Table VI . Compared to the relatively weak -5 kcaVmo1 hydrogen bond in the dimer, the Li+(H,O) bond is and the number of potential hydrogen bonds will rapidly nearly seven times as strong, making consideration of waterincrease because each water molecule is capable of forming water interactions appear unimportant. However, as the clusmultiple hydrogen bonds. Thus, theoretical models of ter size increases, the average binding energy per lithiumLi+(H,O), clusters that claim high accuracy must implicitly water bond will decrease as each successive water is be able to model the water-water interaction with compasqueezed into the already crowded space surrounding the ion rable accuracy in order to avoid bias in the results. The energy required to decompose the cluster into Lif and (HaO)a fragments is also shown in Table VI . This reaction was found to be 57 kcal/mol endothermic at the MP2/ aug-cc-pVDZ level, in accordance with expectations based on the strength of the two Li++--0 bonds and the waterwater bond.
Owing to its importance in terrestrial chemical processes, water and the fundamental interaction between water molecules, as exhibited in the prototype (H20)a system, has remained the focus of a large number of investigations in recent years.37-41 Because the binding energy is not overly sensitive to the relative positions of the two waters, a significant fraction of these calculations were carried out at fixed geometries. In an earlier investigation of the water dimer," we examined the basis set and correlation requirements for obtaining good agreement with the experimental binding energy. Those calculations were performed at a single, fixed geometry reported by Frisch et aL4* However, due to the need in the present context for normal mode frequencies, it was necessary to optimize the structure of the dimer.
Ab initio methods have historically had difficulty in reproducing the experimental O-O separation in the water dimer. Microwave spectral data have been interpreted43 as indicating an Ru(O0) distance of 2.976 A, while most extended basis set, correlated treatments predict a considerably shorter distance, in the 2.80-2.91 A range.42 However, van Duijneveldt- van' de Rijdt et al.39 reported MP2 and CEPA values of &(00)=2.943 and 2.955 A, both obtained through use of the CP correction, which lengthened R,(OO) by as much as 0.14 A. The same authors applied an additional correction for zero-point motion in order to arrive at a final R, value of 2.964 A. Xantheas and Dumring,41 in a recently completed study of the structures and vibrational spectra of small water clusters, likewise found values in the 2.90-2.92 A range. They performed aug-cc-pVDZ and augcc-pVTZ calculations at the MP2(full) level and aug-ccpVDZ calculations at the complete active space (CAS) level of theory. The present work differs slightly from that of Xantheas and Dunning in that our correlated calculations assumed the frozen core approximation and the study was extended through the quadruple zeta level.
Optimal geometries and energies for the water dimer are shown in Table VII . Because of software limitations we were unable to perform an analytical gradient geometry optimization in the full quadruple zeta basis set. In this case, we first optimized the structures using oxygen basis sets from which the g functions were removed and subsequently reoptimized (via quadratic interpolation) R,(OO) and 0, the angle between the LHOH bisector of the water monomer functioning as a proton acceptor and a line connecting the two oxygens. With the aug-cc-pVQZ basis, only the O-O distance was reoptimized at the MP2 level. The convergence of these two parameters is shown in Fig. 10 .
The presence of diffuse functions in the basis set has a pronounced effect on the rate with which R,(OO) approaches the Hartree-Fock limit. However, that effect is reduced at the MP2 level, and is still less with MP4. The present frozen Total energies are given in hartrees + 152. Angles are given in degrees and bond lengths are given in angstroms. 0 is the angle between the hydrogen bisector on the proton acceptor and a line connecting the two oxygens. bOptimizations for the cc-pVQZ and aug-cc-pVQZ basis sets were initially carried out without the g functions on oxygen. The O-O distance and 0 were subsequently refined with the g functions present using a single cycle of quadratic interpolation. For the aug-cc-pVQZ basis only the O-O distance was reoptimized at the MP2 level with g functions present, Scaled normal mode frequencies (in cm-') at the RHF/(cc-pVDZ) level are as follows: 106, 128, 136, 155,313,547, 1595, 1637,3666,3698,3769, and 3785 (ZPE=0.@445 E,,) . Frequencies at the MPZ(FC) level were 79, 152, 174, 195, 404, 667, 1673, 1713, 3783, 3836 core R,(OO) value is about 0.01 8, longer at the aug-ccpVTZ level than the completely correlated findings of Xantheas and Dunning.41 It is not known whether this accurately reflects core-core and core-valence contributions because, as mentioned earlier, the cc-pVxZ sets lack adequate functions for treating core correlation. 0 continues to show significant change due to the effects of diffuse functions in the basis, even with quite large basis sets, but the energetic consequences are very small. By correcting an exponential fit of the MP2 results for the effects of increasing the treatment level to MP4, we estimate that the CBS MP4 limit for R,(OO) to be 2.91t0.005 A, which is well short of the R,,=2.98 A seen experimentally. As suggested by van Duijneveldt-van de Rijdt et uZ.,~~ theoretical R,, values should be more directly comparable with the experimental value. Therefore, we computed Re by solving the one-dimensional Schrodinger equation for the aug-cc-pVIZ MP2 and counterpoise-corrected MP2 potential curves shown in Fig. 11 . We chose to use the inverse square root of (1/R2) in the ground vibration state for our estimate of the effect. Inclusion of the CP correction increases the O.a.0 distance by 0.026 A, and using R, instead of R, adds another 0.025 A. However, while the second effect may be justified, the CP correction appears to be predicting a significant lengthening of the 0*+-O distance with respect to the original aug-cc-pVTZ value, while calculations using the aug-ccpVQZ set show it to slightly decrease. Combining our estimated CBS MP4 value with the correction for zero-point motion, yields a final value of R,(OO)=2.94 A, which is still 0.04 A short of experiment.
The effect of reoptimizing the geometry of the monomer and dimer on the binding energy is quite small, as suggested in the earlier study.23 At the MP2/aug-cc-pVDZ level AE increases in magnitude by just 0.1 kcal/mol.
Our results thus far suggest that the augmented correlation consistent basis sets, which contain the extra shell of diffuse functions, provide rapid convergence both in geom- etries and in binding energies when results are measured with respect to the apparent complete basis set limits. The smallest of these sets, aug-cc-pVDZ, should be a good candidate for use in larger systems. However, due to the relatively large size of the water clusters that we would ultimately like to study, it is of interest to determine to what extent additional functions can be pared from this set without significant loss in accuracy. MP2 calculations were performed on the water dimer with progressively more diffuse functions removed from the aug-cc-pVDZ basis. The results, listed in Table VIII , indicate little effect from removal of all diffuse functions from hydrogen, even though the number of functions has been reduced by 20%. Removal of diffuse functions on oxygen begins to cause more serious errors with respect to the aug-cc-pVDZ results. An examination of the dipole moment and polarizability of the water molecule using the same sequence of basis sets produced similar conclusions. For example, the average polarizability was reduced by only 12% when hydrogen diffuse functions were omitted, but a reduction of twice that amount was observed when the diffuse d functions on oxygen were removed.
V. LI+(H20)3
For clusters containing three or more waters we have not attempted to locate every possible minima. Instead, we have focused on what we believe to be the lowest energy configuration along with one or two slightly higher-lying structures. As the number of waters increases to four and five, the possibilities for multiple minima on the potential surface increase rapidly. In order to generate starting guesses for our optimizations, we have relied on a combination of chemical intuition and molecular dynamics runs on related alkali metal-water systems. Nonetheless, there is no guarantee that the global minimum has been identified.
A total of three minima on the Li+(H,0)3 potential surface (see Fig. 1 ) were examined with the cc-pVDZ and aug- cc-pVDZ basis sets. The larger sets used with the Lif(H20) and Li+(H,0)2 clusters were judged to be too computationally expensive, in light of the fact that the aug-cc-pVDZ basis provided binding energies within 1 kcal/mol of the largest set. The lowest energy Li+(H20)3 conformation, possesses D, symmetry, with all three waters directly coordinated to the central lithium cation. The other two structures are nearly degenerate, although they possess significantly different structures. This point helps to illustrate the competition between cation-water and water-water bonding. The C, structure contains two Lif-Hz0 bonds directed 180" apart and a single hydrogen bond, while the C,, structure adds a second hydrogen bond at the expense of several kcal/ mol of strain energy caused by the decrease in the OLiO angle to 105".
Total energies, incremental binding energies, and enthalpies at 298 K, plus selected structural parameters for the three conformations, are found in Table IX . At the MP2/augcc-pVDZ level of theory, the computed binding enthalpy of -21.7 kcal/mol is in good agreement with Dzidic and Kebarle's experimental value of -20.7 kcal/mol.6 Larger basis sets tended to reduce the value of the binding energy in Li'(H, 0) 2 by several tenths of a kcal and may have the same effect here. The third water is bound by 21% (6.2 kcal/mol) less than the second water which, in turn, was bound by 12% less than the first.
In order to compute the total binding energy of the water trimer for the cation, we have carried out a geometry optimization of (Hi0)3. The MP2(FC)/aug-cc-pVDZ energy of the water trimer is -228.8088 Eh at its optimal geometry, leading to a binding energy per water of -5.46 kcal/mol, compared to -2.64 kcal/mol in the dimer. Thus, cooperative effects in the trimer resulting from the further polarization of the individual waters causes a small 3% increase in the strength of each hydrogen bond. The trimer's structure closely resembles that found by Xantheas and Dunning.41 The energy required to extract Li+ from the Lif(H20)3 cluster was computed to be 68.5 kcal/mol, compared with 61.4 kcal/mol for two waters and 32.9 kcal/mol for a single water.
Selected vibrational modes and infrared intensities are depicted in Fig. 12 . Due to the polarizing effect of the cation, the hydrogen-bonded O-O distances in the C, and C,, structures were found to be from 0.1 to 0.3 8, shorter than O-O separation in the water dimer. At the MP2 level the difference in electronic binding energies resulting from the addition of diffuse basis functions amounts to as much as 8 Total energies are given in hartrees. Binding energies are in kcal/mol. Angles are in degrees and bond lengths are in A. For the C, structure, the a oxygen is in the hydrogen bonded water and the b oxygen is in the water which is only bonded to Li. kcal/mol, only 1 kcal/mol less than was observed in the smallest complex.
VI. Ll+(H*O),,
The two Lif(H20)4 conformations shown in Fig. 1 were found to be nearly degenerate in energy with the more symmetric S4 (Wa) form, where all four waters are directly attached to the cation, only 1 kcal/mol below the C, structure (IVb). These compounds can be viewed as being derived from the D, and C2,, forms of the three water clusters via the addition of another water molecule bonded directly to the cation. As seen in the selected geometry parameters found in Table X , the LiO bond lengths of the C2 structure (labeled IVb in Fig. 1 ) are approximately 0.05 A shorter than in S, structure and differ from each other by about 0.01 A. Figure  13 contains a plot of the LiO bond length vs the number of waters present in the cluster. This distance is seen to fall off smoothly with cluster size.
The incremental electronic binding energy, plotted against the abscissa, decreases almost linearly and the MP2/ aug-cc-pVDZ incremental binding enthalpy (-16 .1 kcal/ mol) falls within 1 kcal/mol of the experimental value at -16.4 kcal/mol. Because the C2 structure contains two hydrogen bonds, it is more sensitive to the use of a correlated method for computing the binding energy. 'Total energies are given in hartrees. Binding energies are in kcal/mol. Angles are in degrees and bond lengths are in A. For the C2 structure of Li+(H20),, the II oxygens are associated with the waters bound to Li and hydrogen bonded to another water. The b oxygen is associated with the water which is only bound to Li. For Li+(H20), the structure labeled Va was the only minimum found. The a oxygens are associated with the waters bound to Li and hydrogen bonded to another water. The b oxygen is associated with the waters which are also bound to the lithium but not hydrogen bonded to another water. these binding energies were computed relative to Hz0 and Lie(H20), at the RHF/cc-pVDZ optimal geometry. Nothing less than a MP2/aug-cc-pVDZ optimal geometry is sufficient to clarify the situation and several hundred calculations at that level were considerably beyond our capabilities. Thus, the existence of a Lif(H20)5 structure in which all waters are directly coordinated to the cation cannot be unequivocally ruled out based on the levels of theory used here. If it exists, it is likely to possess only a small barrier (-1 kcal/mol or less) for conversion to the Va structure, resulting in a first solvation shell with four to five waters.
In Fig. 13 the average Lif-0 distance from a selected Vb-like structure is seen to fall on the same curve as the other centrally coordinated geometries. The incremental electronic binding energy of the Va structure begins to deviate from the linear dependence on cluster size shown by the smaller clusters. It is approaching the asymptotic limit which, depending upon the number of simultaneous hydrogen bonds that are formed, is characterized by incremental binding energies in the lo-15 kcal/mol range. The actual binding energies and selected bond lengths are listed in Table  X . GAUSSIAN 92 failed to maintain exact C2 symmetry when performing the MP2/aug-cc-pVDZ geometry optimization. Because of the resulting significant increase in time per point, the geometry was only partially converged. While the total energy appeared converged to approximately 2X10M4 hartree, bond lengths, and bond angles may only be converged to 20.005 8, and kO.5". For complexes containing one to four waters, the lowest energy conformation always corresponded to the structure in which every water molecule bonded directly to the central cation. However, when five waters attempt to crowd around the cation, the resulting structure lies -6 kcal/mol above a C2 structure in which one of the water molecules moves off to the side in order to allow for the formation of simultaneous water-water bonds. RHF calculations with the 3-21G basis identified a directly coordinated structure, labeled as structure Vb in Fig. 1 . However, RHF/3-21G is known to drastically overestimate the strength of the water-water interaction, yielding a dimerization energy of almost -11 kcall mol compared to the -5.1 kcal/mol obtained with large basis sets and correlated methods. When structure Vb was reoptimized with the cc-pVDZ or aug-cc-pVDZ basis sets, both of which are substantially larger than the 3-21G set, the geometry slowly distorted into structure Va, in which only four of the waters are directly bound to the lithium. This process required in excess of 200 steps to complete, with several of the intermediate geom-etries displaying maximum gradient components as small as VIII. Li+(H20)6
With six water molecules, the number of potential configurations is very large. For the isolated water hexamer, Tsai and Jordan44 have recently reported 137 distinct minima using a TIP4P potential. At least three structures were within 1 kcal/mol of the global mimimum at the MP level of theory.
We narrowed our focus to just five minima on the Lif(H20)6 potential surface that were first identified with the 3-21G basis. These structures spanned an 18 kcal/mol range in energies. The lowest energy configuration (see structure VI, Fig. 1 ) was further investigated with the correlation consistent sets. This cluster is characterized by a cagelike structure of four waters, over which sits the lithium cation with two additional waters which are hydrogen bonded to the ring. Only four of the six waters are directly bound to the cation. The other two ring waters are involved in three simultaneous hydrogen bonds. ever, related calculations on the water dimer suggest that the aug-cc-pVDZ set should be a good compromise set for use in these systems, providing accuracy within 2 kcal/mol for incremental binding enthalpies. Vibrational contributions to binding enthalpies can be obtained at the scaled HartreeFock level with little loss in accuracy. Core-core and corevalence effects are very minor, increasing the Lif***H20 binding energy by around 0.5 kcal/mol.
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In a departure from the procedure followed with the smaller clusters, the geometry used in all other calculations on Li+(HzO& was taken from the RHF/cc-pVDZ calculation because MP2 optimizations were judged to be impractical. We anticipated extremely long run times being necessary to reach converged structures. As it was, the RHF/cc-pVDZ optimization required a very large number of steps. Our experience with the smaller clusters showed that even starting with converged RHF geometries did not guarantee rapid MP2 convergence. Tests indicated that freezing the geometry at the RHF/cc-pVDZ value caused less than a 1 kcal/mol error in the incremental binding energies and less than a 2 kcal/mol increase in energy for each cluster. When computing the incremental binding energies reported in Table X MP2/aug-cc-pVDZ theory underestimates the Li+(H20)6 incremental binding enthalpy by 1.7 kcal/moI (see Table X ), which is similar in magnitude to the error observed for some of the smaller clusters, but significantly larger than for Li+(Hz0)4 or Li+(HaO), . The cause of the poorer agreement is unknown and may lie with the lack of geometry optimization at the correlated level, or the inherent shortcomings of the aug-cc-pVDZ basis set and second order perturbation theory in describing a system with many simultaneous cation-water and water-water interactions.
IX. CONCLUSION
The structures and binding energies of small water clusters including a single lithium cation and up to six water molecules have been examined with extended, correlation consistent, Gaussian basis sets. Good agreement was found between the best current theoretical binding energies and the available experimental data. The lithium-water bond is insensitive to correlation effects, leaving basis set completeness as the primary source of error in clusters containing less than four waters. Differences as large as 9 kcal/mol were observed in incremental binding energies between calculations performed with diffuse functions present in the basis set and those done without such functions. The additional diffuse functions also appear to be necessary in order to obtain accurate geometries and to reduce the size of the basis set superposition error.
For the larger clusters, where water-water hydrogen bonding can become significant, correlation effects play a larger role, but it was not computationally feasible to increase the basis sets beyond the aug-cc-pVDZ level in order to judge the convergence with respect to basis set size. How-
